Objective: The patency of a pedicled right gastroepiploic artery (RGEA) graft can be compromised by intraoperative twists, kinks or spasms. Therefore, a systematic flow assessment was made in RGEA grafts and was compared with similar measurements made in other types of bypass conduits. Methods: Intraoperative pulsed Doppler flowmeter measurements obtained in a series of 556 consecutive patients undergoing at least one coronary bypass grafting onto the right coronary system were studied. Eighty-five RGEA grafts were compared with 1427 bypass grafts implanted in the same group of patients and consisted of the following conduits: 442 left internal mammary (LIMA), 149 right internal mammary (RIMA), 831 greater saphenous vein (GSV) and five inferior epigastric (EPIG) grafts. Sequential grafts were excluded from the analysis. Results: Flow measurements and Doppler waveforms were abnormal and required graft repositioning, and the addition of a distal graft or intragraft papaverine injection (only in GSVs) in 29 cases (2.0% of all grafts). These graft corrections were necessary in 5.9% RGEAs, 3.4% LIMAs, 2.0% RIMAs, and 0.7% GSVs (P Ͻ 0.001). The relative risk for graft correction was eight times higher for RGEAs than for GSVs (P = 0.002). Flow increased from 8 ± 2 to 54 ± 5 ml/min (P Ͻ 0.0001). Flow data were significantly influenced by the type of run-off bed (P Ͻ 0.001), the measurements obtained in grafts implanted onto the right coronary artery and the left anterior descending artery being superior. Flows in RGEAs, however, were comparable with values obtained in other grafts implanted onto the same recipient coronary artery. Conclusions: A significantly higher incidence of graft malpositioning caused inadequate flows in RGEAs. However, normal flow values could be restored simply by assigning a better graft orientation under pulsed Doppler flowmeter control. Overall flow capacity of the RGEA did not differ from values obtained in other arterial and venous grafts implanted onto the same recipient arteries.
Introduction
The role of the right gastroepiploic artery (RGEA) has become fundamental in the revascularization of the posterior left ventricular wall. However, immediate flow adequacy of these grafts has been questioned since it can be compromised by intraoperative twists, kinks or spasms. Indeed, cases of postoperative ischaemia related to RGEA malfunction have been detected by intraoperative blood flow measurement [1] . In vivo studies have confirmed that the RGEA is more reactive to ergometrine, nitrates, and mechanical stimuli than internal mammary artery grafts [2, 3] . This explains why a significant 'learning curve' is necessary to obtain adequate long-term patency rates [4] .
The present study is based on data resulting from a systematic intraoperative flow control of bypass grafts. The aims of the analysis were to evaluate the incidence and mechanism of RGEA malfunction in comparison with other grafts, and secondly, to assess the flow potential of RGEA grafts and their run-off beds in comparison with other grafts and run-off beds.
Patients and methods
A consecutive series of 556 patients (411 male and 145 female) undergoing a procedure of bypass grafting, including a graft onto the right coronary system (right coronary artery, posterior descending artery or posterior lateral branch), forms the basis of this study. Mean age was 65.4 ± 0.4 years. A total of 1512 termino-lateral anastomoses were made and included 442 left internal mammary (LIMA), 149 right internal mammary (RIMA), 831 greater saphenous vein (GSV), 85 RGEA and five inferior epigastric (EPIG) grafts. Sixty-two RGEA grafts were implanted onto the posterior descending artery, 15 onto the right coronary artery, seven onto the postero-lateral branch, and one onto the second marginal branch of the circumflex artery. To facilitate interpretation of the data, sequential bypass grafts were excluded from the analysis.
One surgeon (Y.L.), using identical techniques performed all procedures. The RGEA was dissected from the greater gastric curvature using hemoclips, brought anterior to the stomach and liver and directed through a diaphragmatic hole towards the inferior aspect of the heart. Prior to the initiation of cardiopulmonary bypass (CPB), a 2-ml shot of undiluted papaverine chlorhydrate was injected at 37°C into the distal end of the RGEA without mechanical dilatation, using an olive-tipped (1 mm) metal needle (DLP, Grand Rapids, MI, N°31001). In order to obtain an adequate diameter, excess length was discarded and the grafts were kept as short as possible. The RGEA was anastomosed in antegrade fashion with the heel of the graft placed on the proximal end of the arteriotomy. No attempt was made to attach an internal mammary (IMA) or RGEA pedicle to the epicardium. Indeed, we observed in our early cases, anastomotic kinks caused by incorrectly placed fixation stitches. Proximal venous anastomoses were made during rewarming with the application of a tangential aortic clamp.
Flow was measured with an 8 MHz pulsed-wave Doppler ultrasound flowmeter (OPDOP 130; Scimed, Bristol, UK). Recording sites were in the proximal vein graft segment and the mid portion of the IMA pedicle. Sharp dissection was not necessary to measure flow of the IMA, as the cuff could easily be applied around the artery in an area where it protrudes from the anterior aspect of the musculofascial pedicle. Regarding the RGEA, the surrounding fat was incised and the measurements made at a level situated 3 cm distal from the origin of the gastroduodenal artery, where the graft crosses the anterior aspect of the liver. The measurements were obtained by constraining the vessel in an acrylic cuff whose two halves were clipped around it. The ultrasound pencil probe was slotted into the clip and acoustically coupled to the vessel by a small amount of sterile gel. A detailed description of the method used has been published previously [5] . The technique has been validated by comparing the Doppler measurements with flow measurements obtained in IMAs by the electromagnetic flowmeter (r = 0.97) and with in vitro timed-volume collection performed in saphenous veins (r = 0.97) [5] . Furthermore, according to Matre, the transit time flowmeter showed excellent agreement with the Doppler ultrasound method for both in vitro and in vivo studies performed on saphenous vein grafts [6] .
The parameters measured by the pulsed Doppler were flow (ml/min), velocity (cm/s), and internal diameter (mm) of the vessel. Total resistance of the graft and coronary bed was calculated from mean radial artery pressure divided by mean flow and was expressed in peripheral resistance units (PRU). A pulsatility index was calculated to describe the shape of the curves. It is a dimensionless variable, independent of probe-to-vessel angle. This variable was defined as follows: PI = (F max − F min )/F mean , where F max is the maximum frequency, F min is the minimum frequency, and F mean is the mean frequency. The measurements were made after weaning from cardiopulmonary bypass.
Values are presented as mean ± standard error of the mean. Data were compared by the two-sample t-test (paired or unpaired), x 2 test or Fisher's exact test, one-way analysis of variance and post hoc Scheffé tests.
Results

Inadequate flows and their correction
Flow measurements and Doppler waveforms were abnormal and required graft repositioning, the addition of a distal graft or intragraft papaverine injection (only in GSVs) in 29 cases (2.0% of all grafts). These graft corrections were necessary in 5.9% RGEAs (5/85), 3.4% LIMAs (15/442), 2.0% RIMAs (3/149), and 0.7% GSVs (6/831). Corrections of RGEA grafts were necessary in three out of the 62 grafts implanted onto the PDA (4.8%) and in two out of the 15 grafts implanted onto the RCA (13.3%) (NS). If we exempt the five cases, where a high run-off bed resistance unrelated to the graft itself was seen, there was only one instance of twist among 831 (0.1%) GSV grafts. Interestingly, these cases of malfunctioning grafts that were identified early, were not associated with electrocardiographic ischaemic abnormalities or significant cardiac dysfunction. A description of the abnormalities detected and their concordant correction is detailed in Table 1 . The need for graft correction was significantly higher (relative risk = 8.15) for RGEAs than for GSVs (P = 0.002). An example of the Doppler waveform and flow-derived data observed in a RGEA pedicle twist at the anastomosis is shown in Fig. 1 . Flow measured in the malfunctioning grafts averaged 8 ± 2 ml/min and flow measured in the same graft after correction or in a new graft implanted distally, reached 54 ± 5 ml/min (P Ͻ 0.0001, paired t-test). Flow data are plotted in Fig. 2 and a detailed haemodynamic outcome is described in Table  2 .
In addition, in six RGEA grafts, initial flow was Ͻ20 ml/ min in the absence of any obvious anomaly. In five of these cases, the flow that averaged 9.8 ± 1.7 ml/min (range 5.0-14.0 ml/min) at the initial measurement, increased spontaneously to 44.2 ± 6.5 ml/min (range 26.0-64.0 ml/min). This situation can be explained by spasms at the anastomosis, high peripheral resistance, or both. In the sixth case, an initial flow of 13 cc/min dropped further to 5 cc/min. This was the only instance where RGEA occlusion could be suspected. Since no direct manipulation was performed, these cases were not included in the flow correction data. There was no untoward effect related to the use of dual beam Doppler.
Overall flow data
When flow data are ranked according to the nature of the bypass graft, the highest flow values are obtained in RIMA and LIMA grafts (Fig. 3) . These results were significantly higher than in GSVs using the Scheffé multiple comparison. However, flows measured in RGEA grafts did not differ from flows measured in the other conduits.
Flow data were markedly influenced by the type of runoff bed (P Ͻ 0.001) since flow measurements obtained in grafts implanted onto the right coronary artery and the left anterior descending artery were significantly higher than in conduits grafted onto the second and third obtuse marginals, diagonals and posterior descending arteries (Fig. 4) . Vessels grafted onto the first obtuse marginals showed intermediate flow values and did not differ from the other categories.
Finally, flow volumes analyzed according to both the nature of the graft and the type of recipient coronary artery did not differ (Fig. 5) . Specifically, flows measured in LIMA, left internal mammary artery; RIMA, right internal mammary artery; RGEA, right gastroepiploic artery; GSV, greater saphenous vein. RGEAs were comparable with values obtained in other grafts implanted onto the same recipient artery. Only RIMAs implanted onto obtuse marginals maintained higher flow values than GSVs. Flow measured in RGEA grafts implanted onto the right coronary artery averaged 59 ± 7 ml/min, for grafts implanted onto the posterior descending artery, the average was 60 ± 6 ml/min, and grafts supplying the obtuse marginals, averaged 52 ± 11 ml/min.
In-hospital outcome
There was no hospital death among the 85 patients undergoing a bypass using the RGEA. The only acute dysfunction of a bypass graft happened in a patient with severe chronic obstructive pulmonary disease, who had a sequential internal mammary bypass graft to the left anterior descending artery and the first diagonal branch, a RGEA graft to the posterior descending artery and a GSV to the first obtuse marginal branch. He suddenly developed cardiogenic shock 3 h after his admission to the intensive care unit. At immediate re-operation, the mechanism of ischaemia was twisting, induced by the compression of the sequential left internal mammary bypass by the over-inflated left lung. Additional saphenous vein grafts were completed and the patient survived, thanks to the temporary implantation of an extracorporeal membrane oxygenator. Intraaortic balloon counterpulsation was required to wean the patient from CPB in two cases. The only complication specific to the RGEA harvest was bleeding originating from an artery of the greater gastric curvature requiring re-exploration. The other complications affecting patients having RGEA grafts and ranked by their frequency were the following: atrial fibrillation (26%), bronchopneumonia (14%), need for prolonged ventilatory support (2%), gastric ulcer (2%), renal failure (1%), pneumothorax (1%) and pulmonary embolism (1%). There was no case of myocardial infarction related to the use of the RGEA. 
Discussion
Although the RGEA is a pediculated arterial graft, its patency rate has always been inferior to IMA grafts. Indeed, mid-term angiographic patency rates ranged from 82 to 88% for RGEA grafts and from 90 to 98% for LIMA grafts [7, 8] . Actually, early permeability is already lower for RGEA grafts, ranging from 80 to 92% [7, 9, 10] . Only Suma [11] has obtained better results with an early patency rate reaching 94%. This is not surprising since this author is known to perform intraoperative Doppler evaluation of his grafts [12, 13] . Moreover, according to Suma, graft patency seems not to deteriorate later in the process, since late patency remains at 94% [11] . Likewise, Voutilainen [7] reported early patent RGEA grafts in 80% of his patients and a 5 year patency of 82%. Thus, early detection and Surgery 15 (1999) [240] [241] [242] [243] [244] [245] [246] correction of technical errors is mandatory and should improve both early and late patency.
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The main benefit of bypass graft flow assessment is the detection and correction of malfunctioning conduits. According to the literature, severe dysfunction of IMA grafts due to anastomotic occlusion or to malpositioning is detected intraoperatively in 3.0-6.2% of the grafts [14] [15] [16] . More precisely, an early graft dysfunction rate of 1% for vein grafts and 5.3% for IMA grafts could be demonstrated by intraoperative thermal coronary angiography [15] . Similar data were not available for RGEA grafts despite their well-known propensity to kink and twist. Thus, the main contribution of the present study is to demonstrate a dysfunction incidence in RGEA grafts reaching 6%, and contrasting with a very low dysfunction rate for GSV grafts. This is explained by the smaller size of the distal RGEA and by the difficulty of adequately checking the anastomotic area when the heart is relocated, the field being obstructed by the bulky fat pedicle. The detection of graft malfunction by Doppler sonometry was based on the association of low flow, low velocity and high resistance. In addition, the morphology of the Doppler signal was characterized by a systolo-diastolic high-pitch frequency curve oscillating around the zero line and producing an elevated pulsatility index, as shown in the example of Fig. 1 . By contrast, the advent of a diastolic component and the gain in systolic constituent, characterized flow restoration. Of practical importance, these typical velocity modifications are monitored by acoustic control, which may help the surgeon considerably while he attempts to relocate the graft.
Pharmacological studies [17] [18] [19] and clinical observations [2, 3, 20, 21] have demonstrated the increased tendency for spasm in RGEA grafts. Furthermore, Tavilla [1] reported two cases of ischaemia in patients having RGEA grafts, cases which required complementary saphenous grafts. Since no technical error at the RGEA anastomosis could be found, it was concluded that the blood flow supply of these RGEA grafts to the myocardial area of the target coronary artery arteries was inadequate. In the present study, spasms were suspected in five cases. This limited incidence of spasm may be related to the fact that undiluted papaverine was injected at body temperature in the RGEA grafts and that the grafts were kept as short as possible since larger and more proximal segments of the RGEA have less tendency for spasm, as stressed by Dietl [22] . In addition, spasm at the distal end of the RGEA is difficult to differentiate from increased run-off bed resistance. In both cases, no obvious anastomotic anomaly is detected and flow improves spontaneously within a few minutes. The phenomenon of increased run-off resistance was observed in five out of 831 GSV grafts and was alleviated by intragraft papaverine injection. The latter manipulation is obviously contraindicated in RGEA grafts.
Provided RGEA malfunctions are corrected, overall flow values in these conduits are equivalent to RIMA and GSV grafts implanted onto the same run-off bed. Flow measurements were made at resting flow and did not evaluate maximal flow reserve. The maximal recruitable flow capacity could be evaluated by pharmacological (adenosine injection) [23] [24] [25] or physiological (cardiac pacing) [24, 26] stimulation. Reactive hyperhaemia can also be induced by a 20-s clamping of the bypass graft if the recipient coronary artery is occluded or severely stenosed proximally [27] . To our knowledge, maximal flow reserve of RGEA grafts has never been evaluated intraoperatively, although studies measuring the response of velocity in RGEA grafts under various physiological and pharmacological stimulations have been performed in postoperative patients [13, 28] .
We conclude from our study that RGEA graft malpositioning is of more concern than spasms. However, the former complication is readily detected by Doppler ultrasound and can be corrected at once. In this way, immediate patency can be improved by 6%. Finally, overall resting flow in RGEA grafts was equivalent to other grafts supplying the same run-off beds.
